Cellular therapies that either use modifications of a patient's own cells or allogeneic cell lines are becoming in vogue. Besides the technical issues of optimal isolation, cultivation and modification, quality control of the generated cellular products are increasingly being considered to be more important. This is not only relevant for the cell's therapeutic application but also for cell science in general. Recent changes in editorial policies of respected journals, which now require proof of authenticity when cell lines are used, demonstrate that the subject of the present paper is not a virtual problem at all. In this article we provide 2 examples of contaminated cell lines followed by a review of the recent developments used to verify cell lines, stem cells and modifications of autologous cells. With relative simple techniques one can now prove the authenticity and the quality of the cellular material of interest and therefore improve the scientific basis for the development of cells for therapeutic applications. The future of advanced cellular therapies will require production and characterization of cells under GMP and GLP conditions, which include proof of identity, safety and functionality and absence of contamination. 
Summary
Cellular therapies that either use modifications of a patient's own cells or allogeneic cell lines are becoming in vogue. Besides the technical issues of optimal isolation, cultivation and modification, quality control of the generated cellular products are increasingly being considered to be more important. This is not only relevant for the cell's therapeutic application but also for cell science in general. Recent changes in editorial policies of respected journals, which now require proof of authenticity when cell lines are used, demonstrate that the subject of the present paper is not a virtual problem at all. In this article we provide 2 examples of contaminated cell lines followed by a review of the recent developments used to verify cell lines, stem cells and modifications of autologous cells. With relative simple techniques one can now prove the authenticity and the quality of the cellular material of interest and therefore improve the scientific basis for the development of cells for therapeutic applications. The future of advanced cellular therapies will require production and characterization of cells under GMP and GLP conditions, which include proof of identity, safety and functionality and absence of contamination. and a number of manuscripts were being prepared for publication. However, prior to submission one of the group leaders requested for the authenticity of the cell line and asked us to document the human origin of the cell line by performing species specific mitochondrial DNA (mtDNA) analysis. To everyone's astonishment the mtDNA analysis showed that the cell line was not of human origin but in fact originated from the rat. Further genetic analyses confirmed this to be the origin of the cell line and thus reaffirmed the mtDNA analysis; however, the primary isolates consisted of human cells as expected ( fig. 1) . A possible explanation for this phenomenon is simultaneous cultivation of different cell lines with the potential of contamination. If a certain cell line is not affected by culture conditions, it will overgrow and cause extinction to a cell line which is more sensitive. So although their manuscripts were yet to be submitted for publication, one can only imagine the personal devastation and disappointment of the students and project leaders in respect to both their dissertations and reputation. However, this situation could have been prevented by an initial verification of the cell line.
Schlüsselwörter

Example 2: Stem-1 Equals SAOS 2
Alarmed by the first example, several cell lines were assessed for their authenticity. The first to be examined was Stem-1, donated from another collaborating institute as human mesenchymal stem cell (MSC) line able to produce differentiated cells depending on the differentiation cocktail. The specific Stem-1 cell line was in culture for more than 1 year before its authenticity analysis. No papers had yet been submitted or published using this specific cell line. Genetic profiling demonstrated that the Stem-1 line as well as the earliest samples available had an identical profile with SAOS-2 (ACC No. 243 DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH; German Collection of Microorganisms and Cell Cultures) database) ( fig. 2, table 1 ). This cell line was established in 1973 from primary osteosarcoma tissue from an 11-year-old Caucasian female.
Possible Solutions and Discussion
Recent Approaches to Verify Cellular Material
The most important obstacle for the culture of cells is contamination caused from: i) cross-contamination with other cell lines; ii) chromosomal stability and/or ii) contamination with microorganisms (particularly Mycoplasma spp. in 20-30% of cases) [4, 5] . The cross-contamination problem does not appear to be sufficiently recognized even though it is estimated that more than one third of all cell cultures in use are crosscontaminated with either inter-or intraspecies [8, [11] [12] [13] .
Traditional methods used for cell line authentication were: i) isoenzyme analysis which detects interspecies contamination of at least 10% [14] , ii) DNA fingerprinting based on re-
Introduction
Over the past decade, cell-based therapies have become a treatment option for a variety of disorders. In contrast to well-established cell-based therapies in transfusion medicine and organ transplantation, the new advanced therapies are based on prolonged cultivation and ex vivo manipulation, e.g. differentiation and genetic modification [1, 2] . Our improved knowledge of cellular functioning and cultivation of cells are key elements which have made these cellular therapies possible. Our understanding into the plasticity of precursor cells allows us to differentiate, mature or manipulate target cells ex vivo. However, the extended cultivation time and manipulation enhance the risk for mutation and contamination which can potentially lead to loss of function, infection-associated problems and even tumorigenesis. For transformation of research-based cell cultures and processes into cGMP procedures, which are required for therapeutic application, a number of hurdles have to be overcome. A strict standardization of the production is one of the most fundamental parameters [3] [4] [5] . Minimizing risks of contamination, especially microbial contamination during the cultivation process, is an important prerequisite for clinical application. Furthermore, the other chief and chronic problem with cellular products is the intra-or interspecies contamination with other cells.
Both issues of contamination and misidentification of eukaryotic cell lines have been documented from the 1950s where it is estimated that between 18-36% of all established cell lines are affected [6] [7] [8] . The situation of misidentification of cell lines has been recently described in an editorial in Nature as 'identity crisis'. This wrong classification of cells is basis of erroneous results/interpretation in many scientific publications where it is very difficult to correct for. One example is the endothelial cell line ECV-304 [9] which was shown to be cross-contaminated with the T24 bladder carcinoma line [10] . Even after this disclosure, more than 500 publications based on this cell line can be accessed (W. Dirks, personal communication).
The following two examples presented in this review demonstrate how misinterpretation can be generated from cell lines which were not ensured for their authenticity.
Examples
Example 1: Generation of Human Neurons from Blood-Derived Precursor Cells
During a collaborative project, one institute received a human cell line from another institute and was able to generate neurons using a specific isolation and cultivation protocol. STR loci tested were D5S818 (1), vWA (2), D13S317 (3), THO1 (4), D7S820 (5), TPOX (6), D16S539 (7), CSF1 (8) and amelogenin (X and Y) [37] . A unique human STR pattern without indication of cross-contamination was obtained. B The cultivated cells reacted with antibodies against neuron specific proteins, anti-human bassoon, a large multidomain protein in the presynaptic active zone (green fluorescence) and anti-human CaC, a voltage-gated Ca 2+ channel protein (P/Qtype, a-1A subunit) -red fluorescence). The antibodies were known to cross-react to other mammalian species such as rats. Insert: scanning electron microscopy of cultured cells. C Chromosome analysis of the cultured cells revealed that the cells are not of human origin. The large acrocentric chromosomes (arrows) and the small metacentric chromosomes (arrowheads) suggest a rat karyotype [67] , which D was confirmed by PCR analysis of the cultured neurons.
karyotyping is currently considered to be the most sensitive method available, it is on the other hand labor-intensive, time-consuming and a rather expensive procedure [15] . These techniques are now supplemented or replaced by simpler, striction fragment length polymorphism (RFLP), generating the specific banding pattern of each individual's DNA (exclusion rates of 99% or higher) [15] , and iii) cytogenetic analysis (karyotyping), identifying chromosomal alterations. While table 1 ). The same STR loci as in figure 1 were used. Further analysis of different passages and samples confirmed the mix-up/contamination (data not shown).
Dittmar/Simann/Zghoul/Schön/Meyring/ Hannig/Macke/Dirks/Miller/Garritsen/ Lindenmaier more informative and less time-consuming DNA-based approaches and are further extended by 'omics'-technologies which allow describing the state of cell population more generally.
Species-Specific Mitochondrial DNA Analysis mtDNA is present in every cell in multiple copies and has a low sequence complexity thus representing a simple and sensitive target for genetic analysis. First described as a quality control analytical method for gourmet meats [16] , the possibility to analyze the sequence of the mitochondrially encoded gene for cytochrome b is regarded a relative simple measure for quality control. The stability of mtDNA is so good that these investigations could be extended to highly processed meat (e.g. cooked and canned tuna species in commercial preparations) [17] . Besides interspecies analysis, mtDNA analysis has also been applied in several biomedical investigations into human background. For instance, it has been used in studies tracing the origin of mankind [18] [19] [20] and certain human populations [21] [22] [23] . mtDNA analysis has also been extremely effective in forensic science for both the identification of felons and in identifying victims of crime, accidents or war [24] [25] [26] . Previously, mtDNA polymorphisms were applied in transfusion medicine and transplantation immunology to distinguish blood donors even in a relatively homogenous Caucasian population [27, 28] , focusing on the hypervariable region of the control D-loop of the human mtDNA. This non-coding D-loop region contains regulatory elements for replication and transcription [29] and has high variability based on its high mutation rate (7-10 times faster) compared with genomic (nuclear) DNA because of the limited availability of repair mechanisms [30] [31] [32] [33] . It has been shown [34, 35] that by comparing the mtDNA sequences of the hypervariable regions with the reference sequence it is possible to define cell line-specific polymorphisms. The highest degree of resolution of unique genotypes for the cell lines could be achieved from the sequence information from hypervariable region 1 (HRV1) or the combined sequence information from HRV2 and HRV3. Both approaches reliably discriminate cell lines by their specific polymorphisms of these regions. Although these regions are known to be highly variable, the cell linespecific polymorphisms remained unaltered after a high number of passages (75-80) of cell cultures (data not shown). We therefore conclude that sequence information from the hypervariable regions of the D-loop of the human mitochondrial DNA can be used for the discrimination and identification of human cell lines [36] . This simple, less labor-intensive method may enable the establishment of an in silico library of characterized polymorphisms as an additional method for the authentication of cell lines and the detection of cross-contamination. By applying mitochondrial PCR analysis on 30 different human cell lines amplifying three hypervariable segments of the control region of mtDNA -HRV1, HRV2 and HRV3 - 
Karyotyping
Karyotyping allows analyzing the total chromosomal content of individual cells. Specific numbers and forms of the chromosomes give information on species, gender and chromosomal integrity. Sophisticated isolation and staining techniques allow the identification of up to 900 bands, resulting in an optimal resolution of about 3 megabases for human cells [39] . Karyotypic analysis therefore allows determining aneuploidy (loss and gain of chromosomes), which is frequently observed in established cell lines and in genetic diseases, but also smaller and more subtle chromosomal anomalies like deletions, duplications, inversions and translocations. Loss of heterozygosity is also a hallmark of oncogenic transformation.
Karyotyping therefore is often used to analyze the genetic stability of stem cells [40] [41] [42] [43] [44] [45] . It is regarded as a necessary control for the genetic integrity of stem cells by the International Stem Cell Initiation [46] . The resolution of GTG banding in stem cells karyotypes can be reduced [41, 47] which decreased the significance of this type of analysis. Resolution on the genomic scale can be improved by spectral karyotyping [48] , a molecular cytogenetic technique which stains each chromosome with a different color. Therefore, smaller rearrangements and translocations can be visualized. An even higher resolution of genetic gain or loss can be achieved by comparative genome hybridization (CGH), especially array CGH. However, only significant changes in the population but not at the individual cell level can be determined with this technology [49, 50] .
In general, karyotyping is the method of choice for the analysis of genetic stability down to the single cell level. However, karyotyping fluorescence in situ hybridization (FISH), CGH and spectral karyotyping, are time-consuming, costly and require experienced skills for optimal results.
Microsatellite Instability and Chromosome-Specific PCR
For the analysis of specific problems of chromosomal instability technically simple PCR-based approaches have been developed. Instability of microsatellites is a consequence of defects in the DNA mismatch repair system [51] . Analysis of microsatellite instability (MSI) is an important tool for diagnosis and risk management of patients with Lynch syndromes and hereditary nonpolyposis colorectal cancer [52] . For diagnosis, at least 10% of the tissue has to be affected. Therefore, demanding isolation procedures are required for sensitive diagnosis. Defects in the DNA mismatch repair system could also be involved in chromosomal instability of cell lines, but in the cases tested (M10, Stem-1) no changes of markers used for MSI detection could be observed. The technique of chrousing previously published primers [28] , we could determine mtDNA polymorphisms specific for each cell line [36] .
We could also demonstrate that PCR with human-specific primers for HRV1, HRV2 and HRV3 and primers specific for the mouse mtDNA D-loop region reliably discriminated between human and mouse cell lines. With modern techniques like SNaPshot™ techniques or other automated SNP detection methods it will be possible to detect very low intraspecies contamination based on these polymorphisms. With increased application and the definition of polymorphisms in the HRV regions of the mtDNA of even more cell lines, this method will prove to be a simple and efficient approach for the authentication of cell lines and identification of cross-contamination.
Short Tandem Repeat Analysis
A more informative and complex technique for authentication of human cell lines is based on short tandem repeat (STR) DNA typing. The multi allelic variation of the sequences is so great that combination of a few loci allows distinguishing individuals only with the exception of identical twins. STR analysis is therefore becoming the principal method for DNA analyses in forensic cases.
Masters et al. [37] and Dirks et al. [38] have established STR-based typing systems for cell lines which exclude accidental identity with a probability of less than 1.14 × 10 8 . It represents a robust and quick method for the generation of DNA profiles. In less than 8 h the uniqueness of the DNA profile can be examined and due to the international standardization comparisons to the cell data bases of the DSMZ, the American Type Culture Collection (ATCC) and the Japanese Collection of Research Bioresources (JCRB) can easily be performed [37] . The STR method has been recommended as a possible solution to the identity crisis [11] .
The test panel also includes primers for the detection of interspecies contamination. For this purpose, sequences from mouse, rat, Syrian and Chinese hamster -the species of the biotechnologically most relevant cell lines -are included. Interspecies contamination can be detected at a frequency of 1 contaminating genome in 10 4 -10 5 target genomes. In the examples described at the beginning of this review, STR analysis identified the starting material as human and unique but identified the deduced neuronal cells as rat-derived cells ( fig. 1) . In contrast, all available samples of the Stem-1 cell line had an STR pattern identical to the established SAOS-2 cell line ( fig. 2, table 1 ). The identification of Stem-1 as osteogenic tumor cell line SAOS-2 was also supported by additional observations which discriminated it from the other MSC lines: faster growth, restricted (osteogenic but not adipogenic) differentiation potential and an expression profile with up-regulation of genes involved in cell growth and osteogenesis. However, the suspicion was finally confirmed by STR DNA profiling. Additional bone-and bone marrow-derived MSC (G3, M7, M10) had unique human STR pattern [40, 45, 47, [55] [56] [57] [58] [59] [60] . Genetic stability has also been shown to be dependent on specific cultivation conditions. Chemical and enzymatic passaging techniques may enhance the propensity to genetic alterations. Most reports of hESC with genetic alterations used chemical and enzymatic passaging [40, 45, [55] [56] [57] , whereas genetically stable hESC lines were passaged by microdissection [41, 45, 53] . Mitalipova et al. [45] showed that manual dissection allowed passaging of hESC for more than 100 passages without alterations of the karyotype. These cells are considered to be very sensitive to small alterations of growth conditions. Inconsistent results have been reported on the genetic stability of human MSC [43, 44, [61] [62] [63] [64] . It is conventionally thought that cultivation conditions influence the appearance of genetic alterations during long-term expansion necessary to generate sufficient numbers of cells needed for therapeutic application. Most cells still showed a normal karyotype after expansion [43, 62, [64] [65] [66] , but genetic stability could be influenced by cultivation in different sera (fetal calf serum (FCS) vs. autologous serum). Genetic alteration in early passages seemed to be more frequent in FCS-cultured MSC [61] . In some cases long-term cultivation seems to favor cells with correct karyotype [44, 61] . Since FCS is a complex mixture with mosome-specific PCR of microsatellites on chromosome 13, 16, 18, 21 and X, which is used for diagnosis of aborts, allows to identify loss or gain of the specified chromosomal regions and identified a chromosome 18 monosomy in Stem-1 (SAOS-2) (data not shown).
Stability of Genotype and Phenotype
Stability and integrity of cell cultures is not only threatened by mix-ups and contamination in cell culture laboratories. Isolation and cultivation conditions actually may select alterations of cell phenotypes and genotypes. In general, cells are deprived from their normal context, and the requirements for maintenance of a specific phenotype are most probably only met partially by current cultivation techniques for most cell types. In addition, expansion and over-passaging of cells can select for cell variants with altered growth characteristics. Standardized controlled cultivation conditions and painstaking analysis of chromosomal integrity are therefore necessary for a defined cell product.
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great lot-to-lot variation, it is difficult to ascertain the relevant factors and to compare between different studies. This problem also applies to the use of autologous serum. Synthetic defined media for stem cell cultivation would avoid this variation problem but in turn may itself execute undefined selective pressure.
For the generation of genetically modified dendritic cells we developed a completely closed bag culture system based on defined media and standardized culture conditions. When STR analyses were performed on both CD14+ precursor cells and matured dendritic cells, no alterations could be detected during cultivation and differentiation (fig 3A, B) . In addition, expression profiling was used to confirm the differentiation state of the cells (fig. 3C ). Immunostimulatory capacity was tested in vitro to confirm functional capacity of the antigen presenting dendritic cells ( fig. 3D) .
Taken together, for safe and effective cellular therapies, characterization of the final cell products including karyotype,
